CrAlN films have been prepared using a pulsed DC reactive sputtering in FTS system with Cr/Al alloy (¼ 50=50 at%) targets in a mixed atmosphere of Ar and N 2 . The effects of pulse width on the film structure and properties have been investigated. XRD analyses were carried out to determine the phases and texture of the films. Transmission electron microscopy studies were carried out for selected films. In order to investigate the relationship between the mechanical properties and microstructure of the films, the hardness was measured by a nanoindentation system. Films prepared at lower pulse widths, exhibited fcc-CrN structure. In contrast, films that were prepared at higher pulse widths showed a mixed structure of hcp-AlN, hcp-Cr 2 N and a small amount of fcc-CrN phases. Plastic hardness, H pl , of the films ranged between 32 to 41 GPa while the Young's modulus, E IT , of the films ranged from 320 to 340 GPa. Increasing the pulse width also resulted in an increase in the film's internal stress. In addition, the grain size of the samples decreased with increasing pulse width.
Introduction
In materials science, creating a nanostructured film of a desired microstructure is often crucial. Considerable efforts have been devoted to design nanostructured films which can improve mechanical behavior of the film.
It has been shown that for the nitrides of A 1Àx B x alloy, at an appropriate stoichiometry x, there is a transition from A(B)N to B(A)N solid solutions, respectively. Nanocrystalline and/or amorphous single phase or two phase films can be created in the respective x-values corresponding to these transitions. 1, 2) It has been also shown that for A 1Àx B x N nitrides two kinds of nanocomposites can be formed. The first are the nanocomposite films containing two-phase films composed of grains of different chemical composition, whereas the second are single phase films composed of grains of the same material but different crystallographic orientation. [2] [3] [4] [5] [6] [7] At present, it is not fully understood, whether it is a mixture of grains with different phases or different orientations that is responsible for the enhanced hardness of binary nitrides.
Based on the hardness, the films can be classified into two groups. Hard films of hardness <40 GPa, and superhard films having a hardness >40 GPa. CrAlN films exhibit high hardness and their properties are greatly affected by sputtering conditions and pulsing parameters. [8] [9] [10] [11] [12] [13] [14] The problem is that in each deposition process there are many deposition parameters, which operates simultaneously and can form different structures. Previous reports demonstrated that ion energy and ion flux enhance in the plasma, with increasing pulse width in Unbalanced Magnetron Sputtering system. 8, 9) Ions energy and flux consequently change the CrAlN film structure and properties. 8, 9) In spite of intensive research on the preparation of hard CrAlN films there are only a few reports on the relationship between pulsing parameters, microstructure and hardness of these hard films in a Balanced Magnetron Sputtering system. The aim of this study is to investigate the effect of pulse width on the microstructure of CrAlN films and their mechanical properties when prepared in a Balanced Magnetron Sputtering system.
Experimental Procedure
CrAlN films were prepared in a pulsed DC sputtering apparatus which has a pair of targets facing each other (referred to as the facing target-type sputtering (FTS), (Osaka Vacuum Co., Ltd., FTS-2R). Two rectangular plates (100 mm Â 160 mm Â 10 mm thickness) of alloy targets (Cr/Al = 50/50 at%) (99.9%) were sputtered in a mixture of argon and nitrogen, both of 99.9999% purity. The system was evacuated to a vacuum better than 5 Â 10 À5 Pa (¼ 3:8 Â 10 À7 Torr) prior to deposition. The flow rate of each gas (Ar/N 2 ) was independently controlled using a mass-flow controller. In order to avoid target poisoning and control the nitride formation precisely, the argon gas flow rate was fixed at 10 sccm and employed a nitrogen gas flow rate brought back from a high nitrogen flow rate to a lower nitrogen flow rate along the hysteresis loop of reactive sputtering. 15, 16) A mirror-polished silicon wafer of 25 mm 2 was used as the substrate. All the substrates were cleaned ultrasonically with acetone, ethanol, and 2-propanol, in this sequence, before sputtering deposition. The input power of pulsed DC, which was applied to both targets synchronously, was fixed at 1.5 kW. The target-to-substrate distance was fixed at 115 mm. The substrate temperature was increased to about 150 C during deposition due to particle bombardment * Graduate Student, University of Toyama of the substrate even without bias application and substrate heating. The film thickness was controlled between 1.8 and 2 mm by controlling the sputtering time.
The hardness was measured by a nanoindentation system (Fischer scope, H100C) at room temperature. The indentation was performed using a triangular Berkovitch diamond pyramid. The load was selected to keep an impression depth not more than 10% of the film thickness, so that the influence from the substrate can be neglected.
The evaluation of the film internal stress was carried out with surface profile and roughness measuring machine (MITUTOYO, SV-624). The changing of sample's curvature caused by the deposited film was investigated by this machine. Then the film stress, , was calculated by the following equation derived from Stoney equation:
Where E, , T and L are Young's modulus, Poisson's ratio, thickness and length of the substrate respectively. While t is the thickness of the film (t ( T) and is the deformation in the center of substrate after deposition. The crystal structure of the films was identified by X-ray diffractometery using Cu K radiation with either a thin film or -2 goniometer (Philips X'pert system). When using the thin film goniometer, scans were made in the grazing angle mode (Seeman-Bohlin mode) with an incident beam angle of 1 . TEM samples were prepared and observed in both parallel (plane view) and perpendicular (cross sectional view) to the film surface. The plane-view sample was thinned by mechanical grinding, followed by ion milling with Ar þ in a BAL-TEC, RES010 system operated at 5 kV with an incident angle ranging from 10 to 25 . The cross sectional view sample was milled with a focused ion beam milling system (HITACHI, FB-2100). TEM studies were carried out with a (TOPCON, EM-002B type) TEM operated at 120 kV.
Results
Details of the deposition of films and magnetron pulsing parameters are summarized in Table 1 . Films were prepared at different pulse widths with a fixed N 2 /Ar flow rate of 30/10 sccm, the pulsing power was 1.5 kW and the frequency 240 kHz. The pulse width, p , of DC pulses is defined as duration of the pulse-off period in one pulse cycle.
XRD measurements were performed to determine the phase development of the coatings. Figure 1 shows XRD patterns of CrAlN films deposited at different pulse widths in TF mode. Films prepared at lower pulse widths (D-1, 2, 3), exhibited fcc-CrN structure. In contrast, films that were prepared at higher pulse widths (D-4, 5) showed a mixed structure of hcp-Cr 2 N and hcp-AlN phases in addition to some weak peaks of fcc-CrN phase at high diffraction angles. In D-6 film the peaks observed were located at positions different from those of the fcc-CrN, hcp-AlN and hcp-Cr 2 N phases. The relative percentage of the hcp-Cr 2 N phase for D-4 and D-5 films with mixed structure was calculated according to the following equation:
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Where I (Cr 2 N) is the peak intensity of the hcp-Cr 2 N phase and I (AlN) is the peak intensity of the hcp-AlN phase obtained from the XRD patterns in -2 mode. It should be noticed that since the peak intensity of fcc-CrN phase was very weak in the films that prepared at higher pulse widths fcc-CrN% is not shown here. The peak intensity of the (1101) plane of the hcp-Cr 2 N phase and (0002) plane of hcp-AlN phase were used for this calculation. When the sputtered film does not show a strong preferred orientation, the phase ratio in the mixed phase film can be estimated roughly from the peak intensity of the XRD pattern. As shown in Table 1 Cr 2 N relative% increased with increasing pulse width.
An increase of the pulse width also affected the internal stress values of the films. Figure 2 illustrates the variation of internal stress values with pulse width. All stress values in the films are compressive. It can be seen that internal stress of the samples increases with increasing pulse width to its highest value for pulse width of 1056 ns then decreases with more increase in pulse width. This variation can be probably attributed to the increase of the ion flux and ion energy with increasing pulse width.
9)
The dependence of the plastic hardness and Young's modulus of the films on the pulse width is shown in Fig. 3 . One can see that plastic hardness, H pl , of the films ranges between 32 to 41 GPa while the Young's modulus, E IT , of the films ranges from 320 to 340 GPa. The plastic hardness of the films increases on increasing the pulse width reaching to 41 GPa for 1056 ns of pulse width and decrease for higher pulse width, while the Young's modulus of the films does not show any mentionable difference with changing pulse width.
The tribological properties of the films have been estimated from the variation of H 3 =E 2 ratio and W e (elastic recovery) value of the films with pulse width which is shown in Fig. 4 . The H 3 =E 2 ratio reflects the resistance of a film to plastic deformation. It can be seen that both H 3 =E 2 ratio and W e value of the films increased with increasing pulse width and reach to its maximum at pulse width of 1056 ns and decrease for higher pulse width.
TEM observations were performed to determine the microstructure and phase formation of the films at low and high pulse widths. Figure 5(a) shows the plane view bright field TEM image of the film prepared under the low pulse width of 576 ns (D-2) corresponding to the polycrystalline structure. Analysis of related SAED pattern (Fig. 5(b) ) reveals the existence of an fcc-CrN phase in the film. Figure 6 (a) shows the cross sectional bright field TEM image of the film prepared under the high pulse width of 1056 ns (D-5) corresponding to the columnar structure. Analysis of related diffraction pattern of the film reveals the existence of a mixed structure of hcp-AlN, hcp-Cr 2 N and a small amount of fcc-CrN phases (Fig. 6(b) ). Fig. 6(c) is seen in Fig. 6(d) . Analysis of this diffraction pattern indicates the angles of 32 and 58 with N=L ratio of 1.55 and M=L ratio of 1.85, which is almost consistent with the hcp-AlN structure of a ½01 1 10 oriented grain having the N=L and M=L ratios of 1.58 and 1.87 respectively. Figure 6 (e) is a dark field image for second ring of SAED pattern in Fig. 6(b) with hcp-Cr 2 N structure. The column width, obtained from the dark field image of the film, was in the range of 25-33 nm. The micro-beam diffraction pattern of the grain shown in Fig. 6 (e) is seen in Fig. 6(f) .
Analysis of this diffraction pattern indicates the angles of 29 and 61
with N=L ratio of 1.08 and M=L ratio of 1.14, which is almost consistent with the hcp-Cr 2 N structure of a [1100] oriented grain having the N=L and M=L ratios of 1.09 and 1.13 respectively. Figure 6 (g) shows microbeam diffraction pattern of the grain which is signed in Fig. 6(a) Pulse width,τ p /ns TEM images of each film are shown in Fig. 7 (a) and (b) respectively. The grain size of the films at low pulse width of 576 ns (D-2) estimated from the dark field image of plane view TEM sample was in the range of 20-56 nm. On the contrary, the grain size of the film at the higher pulse width of 1056 ns (D-5), ranged from 2-20 nm. Clearly the grain sizes of films generated at higher pulse widths are comparatively smaller than that of films at lower pulse width. In this case, it can be speculated that formation of two phases mutually inhibit each other's grain growth and stimulates the renucleation of grains resulting in smaller grain size and enhanced hardness. 17) On the other hand, the grain sizes obtained from XRD peak width (Scherer's formula), which indicate mean grain size measured perpendicular to the film surface, exhibited close values in the range of 9-18 nm for D-2 and D-5 films ( Table 1 ). These results indicate that D-5 film has grains which are 2-20 nm obtained from XRD analysis and 9-18 nm from TEM observation, and D-2 film consists of grains which are $18 nm obtained from XRD analysis and 20-56 nm which obtained from TEM observation of the films.
Discussion
It is obvious from above results that pulse width influenced the microstructure and phase formation, which resulted in the different mechanical properties of the film. According to former research for CrN x deposition by reactive magnetron sputtering, different phases such as Cr, Cr þ N, Cr þ N þ Cr 2 N, Cr 2 N þ CrN, CrN can be obtained depending on nitrogen content. [18] [19] [20] [21] In this study, an fcc-CrN phase has formed at lower pulse widths while a mixed structure of hcpAlN, hcp-Cr 2 N and a small amount of fcc-CrN phases exists in the films at higher pulse widths. Lin et al. demonstrated that the maximum N þ ion energy increased with a decrease of pulse width (increasing the duty cycle) at lower frequencies below 300 kHz in the Pulsed Closed Field Unbalanced Magnetron Sputtering system. 8) Supposing that these tendencies are kept even in the FTS system, lower pulse width resulted in the formation of fcc-CrN phase in the films. Although the sputtering process is a highly non-equilibrium process, the tendency of compound formation can be predicted qualitatively using formation free energy (Ellingham diagram). Due to the smaller free energy of fcc-CrN phase in comparison with hcp-AlN and Cr 2 N phase as shown in Ellingham diagram, fcc-CrN phases is harder to form compared to AlN and Cr 2 N phases. N þ ions having higher energy could facilitate the formation of CrN phase. On the other hand, as higher pulse widths decrease the maximum N þ ion's energy, CrN phase formation is probably suppressed, and consequently, the hcp-AlN and hcp-Cr 2 N phases preferentially form in the film. However, for the film with the highest pulse width (D-6), some metastable Cr x N y phases with broad range of composition have possibly formed in the film. [22] [23] [24] The intrinsic stress occurs as a consequence of an accumulation of crystallographic defects that are built in to the film during its deposition and is connected with the energy delivered to the growing film by bombarding ions and condensing particles. 25) Moiseev et al. showed that the number of ions collected during the pulse-off time had a strong increase with the pulse-off time (= pulse width) in a Penning type magnetron sputtering system. 26) Lin et al. also demonstrated that integrated N þ ion flux in the plasma increased with increasing pulse width resulting in an increment of internal stress of CrAlN film in the Unbalanced Magnetron Sputtering system. 8, 9) As can be seen from Table 1 , it might be supposed that there is a small difference in composition between D-2 and D-5 films. However, the D-5 film contains higher nitrogen than that of D-2. It should be noted that D-5 film consisting of Cr 2 N and AlN contains higher amount of nitrogen compared to D-2 film consisting of CrN phase. We conclude that excess nitrogen atoms were introduced to interatomic positions at higher pulse width, resulting in a higher internal stress of the film. Accordingly, an increase of N þ ion flux at higher pulse widths leads to the increment of the internal stress with increasing pulse width as shown in Fig. 2 . Consequently, it is most likely that high internal stress, small grain size and formation of nanocomposite structure or a combination of all these is responsible for the higher hardness at higher pulse widths.
As can be seen in Fig. 3 , the plastic hardness of the films increased with increasing the pulse width whereas the Young's moduliis values of the films remain almost constant. Moreover, as described in Fig. 4 , the H 3 =E 2 ratio and the W e value of the films increased with increasing pulse width. These facts characterize the typical mechanical properties of nanocomposite films. [27] [28] [29] From the view point of application in surface engineering, the feature of D-5 film with high resistance to plastic deformation and good tribological properties suggests usefulness of the film. Lin et al. reported that Cr-Al-N films exhibit good mechanical and tribological properties (H pl $ 41 GPa, H 3 =E 2 value $ 0:41) were obtained by P-CFUBMS of Cr and Al targets at a proper condition. They described that a higher hardness together with lower elastic modulus of thin films is expected to allow the redistribution of the applied load over a large area, delaying failure of the film. Since the D-5 film exhibited the same hardness of 41 GPa, higher H 3 =E 2 ratio of $0:6 and lower internal stress of À3:5 GPa in comparison with the Cr-Al-N films deposited by P-CFUBMS, this film may become a promising candidate for tribological applications. Thus, we conclude that a good combination of mechanical (hardness) and tribological properties of CrAlN films can be obtained by varying the pulse width even in a Balanced Magnetron Sputtering system.
Conclusion
From the results of the present study, the following conclusions can be drawn:
(1) Although there was an optimum pulse width at which the hardness of the CrAlN films reached their maximum values, the Young's modulus value of the films remained almost constant. (2) At lower pulse widths, films consisted of fcc-CrN structure while the structure changed to a mixed structure of hcp-AlN, hcp-Cr 2 N and a small amount of fcc-CrN phase at higher pulse widths. (3) Increasing the pulse width resulted in an increase in the film's internal stress. In addition, the grain size of the samples exhibited a tendency to decrease with increasing pulse width. 
